The carbon fiber reinforced carbon-carbon composite (C/C composite) is one of the candidates due to its excellent thermal stability as well as high strength. A two-dimensional C/C composite has great anisotropy in those properties in with-and across-fiber directions. It is, therefore, important to consider the anisotropy for the stress evaluation and for the fracture probability of the components. In the present study, FEM analyses on deformation and stress of the component were carried out taking account of the anisotropy. In addition, the fracture probability of the components was evaluated by the statistical fracture theory. It was found that anisotropy affect the thermal stress and the risk of rupture.
Introduction
To obtain high-temperature helium gas at reactor outlet, graphite materials are used for structural components in the core of High Temperature Gas-cooled Reactor (HTGR). It has received much attention since HTGR has inherent safety feature due to large heat capacity of graphite components. The High Temperature Engineering Test Reactor (HTTR) of the Japan Atomic Energy Research Institute (JAERI) is now under operation for safety demonstration tests to verify inherent safety features of the HTGRs [1] [2] .
As advanced materials for the high performance core in the future HTGR, the carbon fiber reinforced carbon-carbon composite (C/C composite) is one of the candidates due to its excellent thermal stability as well as high strength [3] [4] [5] [6] [7] [8] . The present authors are carrying out an application studies on a two-dimensional C/C composite (2D-C/C composite) for the HTGR. Table 1 shows typical material properties 2D-C/C composite of CX-270G grade (TOYO TANSO Co.), comparing with IG-110 graphite, fine-grained and isostatic-pressed isotropic graphite used in the HTTR core [5] . Although the 2D-C/C composite has high strength, it also has great anisotropy in thermomechanical properties in with-and across-fiber directions, as well-known. It is, therefore, necessary to consider the anisotropy for stress evaluation of the components of the composites. The anisotropy will cause the anisotropic deformation of the component and affects the fracture probability. In the present study, FEM analyses on deformation and stress of the component, caused by thermal gradient in it, were carried out taking account of the anisotropy. The fracture probability of the components was discussed by using the statistical fracture theory. 
Young's modulus (pl) 1 (4-1) 5 (4-2) 10 (4-3) 15 (4-4) (pp) perpendicular to lamia, (pl) parallel to lamia, For example, anisotropy factor 30 (pp) means the coefficient of thermal expansion (pp) is 30 times larger than that of 1(pp)
Method
A hypothetic in-core component made of 2D-C/C composite was modeled based on the fuel block used in the HTTR as shown in Fig. 1 . It was assumed that component has 1/6 volume of the block as shown in Fig. 2 . The 1/6 element of 2D-C/C composite was modeled as cylindrical shape with keeping the same volume fraction of the graphite and the coolant path in the graphite block.
To investigate thermal distribution of graphite block, thermal analysis was carried out using ABAQUS Code. Initial temperature condition in the element was shown in Table 2 . Steady and
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Advances in Fracture and Strength transient cases are calculated for different temperature conditions. The anisotropy of the thermal and mechanical properties was selected as a parameter. The ratio of each property between withand across-fiber directions were changed from 1 to 50 (coefficient of thermal expansion) and 1 to 15 (Young's modulus) as shown in Table 2 . Based on the thermal analytical results with ABAQUS, induced stress was evaluated by using a developed visco-elastic stress analysis code VIENUS which is a two-dimensional visco-elastic FEM stress analytical code using a combined Maxwell-Kelvin model as reviewed by Price [9] . It was used to the graphite components design analysis for the HTTR. The VIENUS code is in modification so as to treat the anisotropy of material properties of the 2D-C/C composite under neutron irradiation condition. The influence of anisotropy factor on thermal stress was investigated using the modified VIENUS code except irradiation strain and creep strain. Then, using the evaluated stress profile, the fracture probability of the C/C composite was evaluated by the competing risk theory taking account of fundamental fracture modes.
Results and discussion
Thermal stress analysis. Fig. 3 shows the effect of anisotropy factor on the thermal stress. In the analyses, thermal distribution of case 1 and 3 was the same, since the thermal conductivity of the 2D-composite was assumed isotropic in the element. Also, thermal distribution of case 2 and 4 was the same. For each case, the maximum thermal stress increases with increasing the anisotropy factor. In case 1 and 2, thermal stress is strongly dependent on the anisotropy factor. In these cases, the coefficient of thermal expansion was changed as a parameter. On the other hand, in case 3 and 4, the Young's modulus was varied as a parameter, the anisotropy factor dependency on the induced stress is not so large as the cases 1 and 2. In addition, the analyzed stresses of case 3 and 4 are almost the same. According to these results, it was found that the coefficient of thermal expansion of 2D-C/C composite strongly affects the thermal stress. This indicated that it is hence important to consider the anisotropy in the design for components, and it is necessary to accumulate design data.
Fracture analysis. The fracture probability analyses were carried out applying the Weibull strength theory. The simultaneous probability function of fracture P f (σ ) is given by { },
where σ is an applied stress. R(σ ) is so-called the risk of rupture, and given by
where m, u σ and 0 σ are the shape parameter, location parameter and scale parameter, respectively. In the present study, the location parameter was put to zero, which corresponds to so-called "the two-parameter Weibull model" [10] . The risk of rupture for tensile strength, R t , is given by
where v is the volume of the cylindrical model. As well as tensile strength, the risk of rupture for compressive strength R c and shear strength R, is respectively given by The fracture probability of the C/C composite was evaluated by the competing risk theory taking account of some fundamental fracture modes. When the C/C composite involves three fracture modes: tensile, compressive and shear fracture modes, the risk of rupture R i is given by In this study, R τ was neglected, since the shear stress is not induced. Fig. 4 shows the normalized values of R i as a function of the anisotropy factor. The shape and scale parameters for tensile and compressive strengths used in the analyses are listed in Table 3 [11] . The risk of rupture R i rapidly increases with increasing the anisotropy factor. As shown in Fig. 4 , it was found that both the coefficient of thermal expansion and the young's modulus strongly affect the risk of rupture. The value of R i is quite low at all cases. In the temperature condition assumed in the study, it can be said that the2D-C/C composite will not be fractured.
Summary
FEM analyses on deformation and stress of the component were carried out taking account of the anisotropy and the fracture probability of the components was evaluated by the statistical fracture theory. Main results obtained in this study are summarized as follows: 1) It was found that the coefficient of thermal expansion of 2D-C/C composite affect the thermal stress strongly. It is important to consider the anisotropy in the design for components, and it is necessary to accumulate design data.
2) It was found that both the coefficient of thermal expansion and the young's modulus of 2D-C/C composite affect the risk of rupture strongly. In the temperature condition assumed in this study, it can be said that the 2D-C/C composite will not be fractured.
